We evaluated a previously described quantitative realtime PCR (qPCR) for quantifying and differentiating Ureaplasma parvum and U. urealyticum. Because of nonspecific reactions with Staphylococcus aureus DNA in the U. parvum PCR, we developed a modified qPCR and designed new primers. These oligonucleotides eradicated cross-reactions, indicating higher specificity. The detection limits of the qPCR were determined at 1 and 3 colony-forming units/ml for U. parvum and U. urealyticum, respectively. The quantification limits of the assay for both Ureaplasma species ranged from 2.10 6 to 2.10 1 copy numbers per PCR. A total of 300 patient samples obtained from the lower genital tract were tested with this newly designed qPCR assay and compared with culture results. Of the samples, 132 (44.0%) were culture positive, whereas 151 (50.3%) tested positive using qPCR. The U. parvum and U. urealyticum species were present in 79.5% and 12.6% of the qPCR-positive samples, respectively. Both species were found in 7.9% of those samples. Quantification of U. parvum and U. urealyticum in the samples ranged from less than 2.5 ؋ 10 3 to 7.4 ؋ 10 7 copies per specimen. In conclusion, the modified qPCR is a suitable method for rapid detection, differentiation, and quantification of U. parvum and U. urealyticum. 
The genus Ureaplasma belongs to the Mycoplasmataceae family. Ureaplasmas are small prokaryotic cells that lack a cell wall. Previously, there was only one known species found in humans (namely, Ureaplasma urealyticum) comprising 14 serotypes. In 2002, Robertson et al 1 proposed subdividing this species into U. parvum, comprising serotypes 1, 3, 6, and 14; and U. urealyticum, comprising serotypes 2, 4, 5, and 7 through 13. These subtypes cannot be distinguished from each other with routine microbiological methods and are, therefore, usually referred to as Ureaplasma species. They are found in the lower genital tract of nearly 50% of pregnant women as part of the normal vaginal flora. However, in some cases, Ureaplasma species have interfered with normal fetal development by causing an ascending infection. [2] [3] [4] [5] [6] [7] The reason for this infection is not fully understood but may be associated with the virulence of the microorganism, the host immune system, or local factors present in the lower genital tract. Species differentiation might be important because previous studies 2, 8, 9 suggest that nongonococcal urethritis and an adverse pregnancy outcome with respect to birth weight, gestational age, and preterm delivery are implicated with the presence of U. urealyticum and not with U. parvum.
Because strains can only be differentiated with labor-intensive serotyping, an easy-to-perform sensitive method for differentiating the two species is necessary on initiation of pathogenicity studies. Quantitative real-time PCR (qPCR) presents an interesting option because the strains can be differentiated together, with evaluation of the microbial burden in the lower genital tract. Moreover, qPCR can be performed within two hours because of the elimination of postamplification handling.
In a recent study, 10 qPCR was used to detect and quantify U. parvum and U. urealyticum in specimens from the lower genital tract. This test was evaluated in our laboratory and did allow the differentiation and quantification of U. urealyticum and U. parvum in two separate reaction mixtures. However, cross-reactions with Staphylococcus aureus DNA were encountered in the U. parvum mixture.
In this study, we investigated the nature of these crossreactions by sequence analysis of the nonspecific amplification product, and we compared this sequence with the National Center for Biotechnology Information database. We designed new primers targeting the urease gene of U. parvum to improve the specificity of the qPCR. Furthermore, the method was adapted to be more practical for a routine laboratory setting and the phocine her-pesvirus 1 (PhHV1) was included as an internal control to monitor for the presence of inhibitory factors in the clinical samples.
Materials and Methods

Investigating the Issue of Specificity in the Original Method
Reaction mixtures and cycling conditions were performed as previously described. 10 Primer and probe sequences were blasted with the GenBank database to confirm specificity (http://www.ncbi.nlm.nih.gov, accession date April 25, 2008) . Assay specificity was assessed with the 14 reference strains of U. parvum (serotypes 1, 3, 6, and 14) and U. urealyticum (serotypes 2, 4, 5, and 7 through 13). In addition to the 14 reference strains of Ureaplasma species, assay specificity was also determined with 11 Nonspecific reactions were repeatedly tested (10-fold) with reference strains (to confirm the presence of crossreactions) and with two more clinical strains. Nonspecific amplification products were analyzed by cloning and sequence analysis (ABI3730, Sanger sequencing, Bigdye v3.1; Applied Biosystems, Halle, Belgium) to retrieve the nature of the cross-reactions (BaseClear, Leiden, the Netherlands).
Modified Method
Primer Selection
To amplify U. parvum DNA, a new primer pair was designed, flanking the probe that was used for U. parvum detection in the originally described method. The forward primer, 5=-CATTGATGTTGCACAAGGAG-3=, and the reverse primer, 5=-CGTGATTTTAATGTATCGGCTTTC-3=, sequences were blasted with GenBank sequences in the National Center for Biotechnology Information database; for primer specificity (http://www.ncbi.nlm.nih.gov, accession date October 1, 2008) . Primers were chosen within the ureD subunit of the urease gene of U. parvum and U. urealyticum. One copy of this gene is present per cell. The amplicon product sizes were 147 and 146 bp for U. parvum and U. urealyticum, respectively.
PCR Internal Control
PCR inhibition and extraction were monitored by amplifying the PhHV1. The use of this virus as a control for extraction and the presence of amplification inhibitors were originally described by Niesters. 11 The virus strain was provided by the Department of Virology, University Hospital Rotterdam, Rotterdam, the Netherlands.
Modified qPCR Protocol
To detect both Ureaplasma species, real-time PCR was performed in two separate 25-L reaction mixtures. The PhHV1 viral DNA was detected in multiplex PCR with the two reaction mixtures for U. parvum and U. urealyticum DNA. The reaction mixtures contained a ready-to-use 2x real-time PCR reaction mix containing all necessary components without primers and probes (IQ Multiplex Powermix, Bio-Rad, Nazareth-Eke, Belgium), 0.35 mol/L of each primer, and 0.2 mol/L of each probe (forward and reverse primer and probe of the target organism and of the internal control). DNA template, 2 L, was added to the 23-L reaction mixtures. Probes (Taqman Minor Groove Binder) for U. parvum (5=-FAM-TTGACCACCCT-TACGAG-MGB-3=) and U. urealyticum (5=-FAM-TTGTC-CGCCTTTACGAG-MGB-3=) were manufactured by Applied Biosystems (Warrington, UK). The Taqman probe for the internal control (Texas 5=-Red-TTTTTATGTGTC-CGCCACCATCTGGATC-BHQ1-3=) was manufactured by Eurogentec (Luik, Belgium). Cycling conditions were as follows: 95°C for 3 minutes, followed by 45 cycles of 95°C for 15 seconds and 58°C for 30 seconds. Amplification, detection, and analysis were performed with a commercially available system (iCycler IQ real-time detection system; Bio-Rad). Data collection was performed during the annealing step. The relative fluorescence measurements were plotted against the cycle number for data analysis. Background fluorescence was corrected by manually setting the baseline cycles from 5 to 16. The log-linear portions of the amplification plots were used to determine a fractional cycle number for threshold fluorescence. In every run, a no-template control (sterile water) and a positive control (a 10 -3 dilution of Ureaplasma reference strains, serotypes 3 and 10, that were grown to their logarithmic phase in bromothymol blue broth) were included.
Specificity
Assay specificity was assessed with reference strains of all U. urealyticum and U. parvum serotypes and with the 42 microorganisms previously described. To evaluate cross-reactivity with S. aureus in more detail, the assay was performed in 10-fold with the reference strains of S. aureus and in duplicate on two freshly isolated clinical S. aureus strains.
Limit of Detection
For determining the detection limit of the assay, a 10-fold serial dilution was made from U. parvum serotype 3 and U. urealyticum serotype 10 reference strains grown in bromothymol blue broth. Each dilution, 100 L, was cultured on differential agar A7; and colony-forming units were counted at a ϫ40 magnification. 12, 13 The qPCR sensitivity was determined by analyzing the extracted DNA of the serial dilutions.
External Standard Curve for Quantification
Amplification products from U. parvum, serotype 3, and U. urealyticum, serotype 10, reference strains, obtained with real-time PCR, were ligated into a vector (pGEM-T Easy; Promega Benelux, Leiden, the Netherlands). The plasmids were transformed into E. coli DH5␣ cells (Life Technologies, Carlsbad, CA), which were grown; and the plasmid was purified. Plasmid concentration was determined using a kit (Quant-iT dsDNA Assay; Invitrogen, Breda, the Netherlands). Cloning, sequencing, and plasmid purification were performed by BaseClear, an independent and accredited service laboratory for DNAbased research (Leiden, the Netherlands). A 10-fold serial dilution series composed of 6 standards (2.10 6 to 2.10 1 copies per PCR) was used to construct an external standard curve for quantification. To evaluate the standard curve, each external standard was tested in triplicate; this was repeated twice. Because the ureD subunit that was used to prepare the standard curves was identical in all serotypes within the same species, the linearity of one serotype reflects the linearity of all serotypes within this species; only one standard curve per species needs to be used for quantification.
Reproducibility
The intra-assay and interassay reproducibility of the U. parvum and U. urealyticum PCR was tested with two different dilutions of U. parvum and U. urealyticum cultures. High and low concentrations of Ureaplasma species reference strains serotypes 3 and 10 (10 Ϫ3 and 10 Ϫ4 dilutions, respectively) that were grown to their logarithmic phase in bromothymol blue broth were used to determine reproducibility of the assay. The experiments were repeated 10 times after extraction (easyMAG; Biomérieux, Boxtel, the Netherlands), and the CV was calculated.
Evaluation of the qPCR with Clinical Samples
Samples Three-hundred samples from the lower genital tract of healthy pregnant women were obtained at their first prenatal consultation. Two types of genital swabs containing a different type of transport medium were in use in our hospital for sampling the lower genital tract and the preservation of microorganisms: eSwab (Copan Italia, Brescia, Italy) and Universal Transport Medium (UTM, Copan Italia, Brescia, Italy). We aimed to evaluate the transport medium most appropriate for culture and/or PCR detection. One-hundred one samples were transported in eSwab, containing 1 ml of liquid medium; and 199 samples were transported in Universal Transport Medium (UTM), containing 3 ml of liquid medium.
Culture
Liquid transport medium was mixed, and approximately 0.2 ml of medium was inoculated on differential agar medium A7 and in bromothymol blue broth. Cultures were performed as previously described. 6 Positive culture results were semiquantitatively reported (ie, when ureaplasmas were detected on the primary agar plate, the number of colonies was evaluated and classified into four groups [ϫ40 magnification]: Ͻ1, 1 to 5, 6 to 12, and Ͼ12 colonies per field).
DNA Extraction
Before nucleic acid extraction, all clinical samples were spiked with the dilution of PhHV1 that resulted in a Ct value of approximately 30. Sample DNA was extracted using a platform (easyMAG automated extraction platform; Biomérieux, Brussel, Belgium), according to the manufacturer's instructions. Liquid transport medium, 100 L, was used for DNA isolation.
Quantitative PCR
The qPCR was performed as previously described. Samples with a Ct of less than 40 were considered positive. Standard curves from both species were tested in every clinical sample run. For positive samples, the copy number per specimen was calculated, starting from the copy number per PCR reaction. Samples with copy numbers outside the linear range of the external standard curve were not quantified. Samples with results discordant between culture and qPCR were retested with qPCR using the remaining liquid transport medium, which was re-extracted.
Statistical Analysis
The 2 test was used to analyze statistical differences in the quality of the eSwab and the UTM for detecting U. parvum and U. urealyticum with culture and qPCR.
Results
Investigating the Issue of Specificity in the Original qPCR Method
The specificity of the original described method was assessed by testing all U. parvum and U. urealyticum reference strains with the two reaction mixtures that were prepared as described by Cao et al. 10 No cross-reactivity was seen between the serotypes of the U. parvum species and the serotypes of the U. urealyticum species. Among the 42 other strains that were tested for specificity of the assay, both S. aureus strains (S. aureus oxacillin S and S. aureus oxacillin R) showed a positive result in the mixture for U. parvum detection. Further analysis of this nonspecific reactivity revealed a DNA fragment of approximately 150 bp after gel electrophoresis. A blast search of the sequence of this amplified DNA showed 100% homology with the urease accessory protein ureG from S. aureus.
Evaluating the Modified qPCR Method
Specificity
The specificity tests with the primers designed in our laboratory showed no cross-reactions among U. parvum, U. urealyticum, S. aureus, or any of the other 41 microorganisms. No cross-reactivity was observed with the reference strains of S. aureus and with the isolated clinical S. aureus strains. 
Limit of Detection
Sensitivity was determined by analyzing serial dilutions of extracted DNA from U. urealyticum serotype 10 and U. parvum serotype 3. By testing the 10-fold serial dilutions, the lowest levels of detection were determined to be 1 and 3 colony-forming units/ml for U. parvum and U. urealyticum, respectively. Figure 1 and Figure 2 show the linear range of the standard curves of both species tested in triplicate. The standard curve for U. urealyticum and U. parvum was linear over a 6-log-range. The upper and lower quantification limits were 2.10 1 and 2.10 6 copies per PCR reaction, respectively.
External Standard Curve for Quantification
Reproducibility of the qPCR
The intra-run and interrun variations for U. urealyticum and U. parvum, tested at two concentrations (high and low), are summarized in Table 1 .
Evaluating the Modified qPCR with Clinical Samples
Culture and qPCR results of the 300 clinical samples, according to the type of transport medium used, are summarized in Table 2 . Of the 300 specimens, 151 (50.3%) were positive by qPCR (49.5% and 50.8% for eSwab and UTM, respectively; P ϭ 0.77); 132 samples (44.0%) were positive by culture (38.6% and 46.7% for eSwab and UTM, respectively; P ϭ 0.155). The positive predictive values of the qPCR for samples transported in eSwab and UTM were 78% and 92%, respectively, using the culture method as a reference method. The negative predictive value of the qPCR for samples transported in eSwab and UTM was 100%.
Discordant results between qPCR and culture were obtained in 19 samples: all those samples were culture negative and qPCR positive. The discordant samples were retested with qPCR using a newly extracted sample from the remaining transport medium, and the results were confirmed. Negative culture results with a positive qPCR result were more frequently found in samples transported in eSwab (11/101) than in samples transported in UTM (8/199). For the 19 culture-negative and qPCR-positive samples, copy numbers in the qPCR ranged from less than 2.5 ϫ 10 3 to 2.0 ϫ 10 4 copies per specimen.
Of the 151 qPCR-positive samples, 19 (12.6%) were positive for U. urealyticum, 120 (79.5%) were positive for U. parvum, and 12 (7.9%) were positive for both species. There were no differences observed with the type of transport medium used ( Table 2) .
The quantitative results of the qPCR, expressed as copy number per specimen, are summarized in Table 3 . Fifteen positive samples had results less than the lowest quantification standard of the standard curve, thus not allowing quantification. None of the samples had results higher than the highest standard of the standard curve, and 136 samples had copy numbers within the linear range of the standard curve.
A correlation of the quantitative results of the qPCR and the semiquantitative results of the culture is summarized in Figure 3 . Because there were no significant differences in the ranges for mixed infections, they are not presented separately in this figure.
No PCR inhibition was observed in any of the 300 clinical samples.
Discussion
Assay specificity is of the utmost importance when attempting to detect a specific organism because it yields true-positive results. As defined by the Clinical Laboratory Standards Institute, a panel of microorganisms closely related to the target organism should be used to monitor cross-reactivity. In addition, organisms present in the normal flora of the specimen should be tested. In our evaluation of the primer and probe sequences from the previously described study, cross-reactions were observed with S. aureus. 10 Cloning and sequencing the amplification product of the nonspecific reaction confirmed the presence of S. aureus DNA and, more specifically, a 150-bp fragment from the urease accessory protein ureG. None of the nine other organisms containing the urease gene (ie, the target gene for the Ureaplasma qPCR) demonstrated a cross-reaction. Because S. aureus is frequently found on mucosal surfaces and the skin of healthy individuals, the primers described for U. parvum were assumed to be inappropriate for testing clinical specimens, requiring another PCR protocol. 15, 16 Although several PCR methods have already been described for Ureaplasma, no method met our requirements for pathogenicity studies. 10, [17] [18] [19] [20] Determining the microbial burden may also be important for pathogenicity; thus, a PCR protocol enabling species differentiation, together with quantification, is needed. 21 Moreover, the protocol should be validated on clinical samples and must be highly specific. Thus, a qPCR protocol using a new primer pair for U. parvum was designed and compared with culture results. With these new primers, no cross-reactivity was seen with staphylococcal DNA, making the protocol more specific. The new qPCR protocol was developed with the inclusion of viral DNA detection as an internal control. Although no inhibition was detected in any of the 300 clinical samples, the inclusion of control DNA for the detection of inhibition is mandatory when testing clinical samples because such inhibitors could generate false-negative results. 14, 22 The modifications in the protocol did not interfere with the sensitivity: our external standard curve was only linear over a 6-log range, whereas it was a 7-log range in the method originally described.
Most clinical samples belonged to the U. parvum biovar. In this study, the percentages of U. urealyticum, U. parvum, and samples containing both species correlate well with those found in previous studies. 10, [23] [24] [25] This qPCR method, amplifying U. parvum and U. urealyticum in separate reactions, probably represents a more adequate method for the detection of mixed infections.
The positivity rates of U. parvumandU. urealyticum were higher in qPCR than in culture (50.3% versus 44.3%).
Although the difference observed for culture between the UTM and eSwab does not reach significance (46.7% versus 38.6%; P ϭ 0.115), the UTM appears to be more appropriate for Ureaplasma culture. Indeed, the instruction manual of the UTM recommends its use for the culture of mycoplasmas and ureaplasmas, Chlamydia, and viruses, whereas the eSwab instruction manual describes that it can be used for transportation of all kinds of bacteria in general. The medium used in the UTM is probably more suited for the culture of more fastidious organisms. The positivity rates in qPCR for samples transported in UTM and eSwab were comparable (50.3% versus 49.3%). Because we calculated the positive predictive values of the qPCR based on the culture results (gold standard), the positive predictive value of 78% for samples transported in eSwab is probably falsely low and should be further investigated.
Quantification results showed that U. parvum was present in higher concentrations in the clinical specimens compared with U. urealyticum. The difference observed between eSwab and UTM for U. parvum and U. urealyticum quantification in mixed infections (Ͼ1 log) is probably because of the few samples containing mixed infections (three transported in eSwab and nine transported in UTM). There was a good correlation between the semiquantitative culture method and the qPCR method for U. parvum and U. urealyticum.
In conclusion, a new qPCR protocol was evaluated and validated as an adequate test for detecting, differentiating, and quantifying U. parvum and U. urealyticum. This assay can be applied in further epidemiological and pathogenicity studies in our laboratory.
